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Blocking the interaction 
between interleukin‑17A and endoplasmic 
reticulum stress in macrophage attenuates 
retinal neovascularization in oxygen‑induced 
retinopathy
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Abstract 

Background:  Neovascularization is a leading cause of visual loss typically associated with diabetic retinopathy (DR) 
and retinopathy of prematurity (ROP). Interleukin-17A (IL-17A) and endoplasmic reticulum (ER) stress both have been 
demonstrated to play a proangiogenic role in ischemic retinopathies. However, the relationship between IL-17A and 
ER stress in retinal neovascularization (RNV) under hypoxic conditions and its underlying mechanisms remain unclear.

Methods:  In this study, oxygen-induced retinopathy (OIR) mice model was established and intravitreal injections 
were conducted. Changes of IL-17A and ER stress markers in retinas and cultured primary bone marrow derived mac-
rophage (BMDM) under normoxic or hypoxic conditions were detected. Western blotting, Real-Time RT-PCR, Immuno-
fluorescence assays were conducted to explore the roles and relationship of IL-17A and ER stress in RNV, as well as its 
underlying mechanisms.

Results:  Compared to that in normal controls, IL-17A and ER stress markers were all remarkably increased under 
hypoxic conditions both in vivo and in vitro. Neutralization or knock out of IL-17A decreased ER stress. ER stress inhibi-
tor 4-phenylbutyrate (4-PBA), attenuated the production of IL-17A, suggesting a positive feedback loop between 
IL-17A and ER stress. Inhibition of IL-17A or ER stress decreased areas of nonperfusion and neovascularization in OIR 
retinas. As TXNIP/NLRP3 pathway activation has been demonstrated to be involved in increased retinal vascular 
permeability of ischemic retinopathy, we observed that TXNIP/NLRP3 pathway mediated in the interaction between 
IL-17A and ER stress under hypoxic conditions.

Conclusion:  The interplay between IL-17A and ER stress contributes to RNV in macrophages via modulation of 
TXNIP/NLRP3 signaling pathway under hypoxic conditions. The feedback loops may become an innovative and multi-
ple pharmacological therapeutic target for ischemic retinopathy.

Keywords:  Endoplasmic reticulum stress, Interleukin-17A, TXNIP/NLRP3 pathway, Retinal neovascularization, 
Oxygen-induced retinopathy, Ischemic retinopathy

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​
mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​mmons.​org/​publi​cdoma​in/​
zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Retinal neovascularization (RNV) is a primary cause of 
blindness in several vision-threatening diseases, such as 
diabetic retinopathy (DR), retinopathy of prematurity 
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(ROP), central retinal vein occlusion (CRVO), age-related 
macular degeneration (AMD) and neovascular glaucoma 
(NVG), which occurs when retinal blood supply is insuf-
ficient to meet the metabolic demands under the stimula-
tion of ischemia or hypoxic conditions [1–3]. Currently, 
anti-vascular endothelial growth factor (anti-VEGF) 
agents and laser photocoagulation are the most effective 
therapies for RNV [4]. However, the long-term effects 
of anti-VEGF agents and laser photocoagulation remain 
unclear, with reported they can cause some side effects 
[5] and fail to address the potential neurovascular dam-
age [6]. Thus, identifying new and effective pharmacolog-
ical strategies for targeting RNV is urgently needed.

Recent years, accumulating evidences revealed that 
Interleukin 17A (IL-17A, commonly known as IL-17) 
mediates neovascular progression in some diseases [7, 
8]. IL-17A is a signature cytokine belongs to IL-17 family, 
produced by T helper 17 (Th17) cells, a subset of CD4+ 
T cells [9]. The IL-17 family consists of IL-17A, IL-17B, 
IL-17C, IL-17D, IL-17E and IL-17F [10]. In which, IL-
17A is the most widely investigated cytokine for its pro-
inflammatory role in several diseases [11, 12]. In addition 
to Th17 cells, IL-17A is also produced in γδ T cells and 
macrophages [13]. In fact, besides vascular injury, inflam-
mation is involved in the pathological process of ischemic 
retinopathies, and inflammation could facilitate the for-
mation of new vessels [14]. In aqueous humor of patients 
with DR, the levels of inflammatory cytokines IL-1β, 
IL-6, IL-8, IL-17A, and TNF-α were increased in parallel 
with the progression of neovascularization [15]. Retinal 
inflammation following ischemic retinopathy is charac-
terized by activated inflammatory cell accumulation and 
activation, including Müller cells and macrophages [16]. 
They can release inflammatory factors, such as IL-17A 
[17], IL-1β, TNF-α and MCP-1 [7, 16]. Exogenous IL-17A 
increased ocular NV by promoting M1 (pro-inflamma-
tory) and mitigating M2 (anti-inflammatory) macrophage 
polarization [7], which further heightened retinal inflam-
matory responses.

Furthermore, endoplasmic reticulum (ER) stress is a 
critical factor contributing to inflammation and neovas-
cularization in retinas under ischemia and hypoxia [18–
20]. ER, one of the largest organelles in eukaryotic cells, is 
responsible for protein synthesis and processing, as well 
as calcium homeostasis and lipid biosynthesis [21]. Dys-
regulated protein processing due to various physiologic 
and pathologic conditions, such as nutrient or glucose 
deprivation, type II diabetes and virus infection, causes 
protein misfolding and misfolded proteins accumulation 
in the ER, leading to ER stress [22, 23]. Activating tran-
scription factor 4 (ATF4), glucose-regulated 78 kDa pro-
tein (GRP78) and C/EBP homologous protein (CHOP) 
are key markers of ER stress [23]. Notably, compelling 

evidence suggested that ER stress was a critical factor 
contributing to the inflammation and neovascularization 
in retinas under ischemia and hypoxia [18–20]. Addition-
ally, TXNIP/NLRP3 pathway activation has been dem-
onstrated to be involved in increased retinal vascular 
permeability of ischemic retinopathy [24], and ER stress 
could induce NLRP3 inflammasome activation by IRE1α 
and PERK pathway, regulating release of cytokines such 
as IL-1β, IL-6, IL-18, TNF-α, MCP-1 and NLRP3, which 
is the pathological basis of various inflammatory diseases 
[25, 26]. The role of TXNIP in regulating NLRP3 inflam-
masome signaling by IRE1α was also demonstrated [27]. 
However, as to wheather ER stress could activate TXNIP/
NLRP3 pathway and successively leads to a series of 
inflammatory cascades in ischemic retinopathy, data is 
scarce.

Taken together, given the contribution of IL-17A and 
ER stress to inflammation and neovascularization pro-
cesses, is there any association between IL-17A and ER 
stress in the pathological process of ischemic retinopathy 
? Hopefully, the relationship of IL-17A and ER stress has 
been revealed in several diseases [11, 28–30]. However, 
data is scarce on retinopathy about their relationship. 
Therefore, we investigated the relationship between IL-
17A and ER stress in OIR model of wild type (WT) or 
IL-17A knock out (KO) mice for the first time, as well as 
in macrophages cultured under hypoxia. Furthermore, 
we explored the potential mechanisms mediated the 
interplay between IL-17A and ER stress in macrophages 
under hypoxia in vivo and in vitro.

Results
Alterations of IL‑17A and ER stress markers in OIR retinas 
and macrophages under hypoxic conditions
IL-17A and ER stress play important roles in promoting 
angiogenesis of ischemic diseases [15, 18, 19]. To evalu-
ate their involvement in the macrophages of ischemic 
retinopathy, we examined the expression levels of IL-17A 
and ER stress markers in OIR retinas and in macrophages 
under hypoxia. After retinal tissues and macrophages 
from different groups were harvested, protein levels of 
IL-17A and ER stress markers were measured. As shown 
in Fig.  1a, protein expression levels of IL-17A, GRP78 
and ATF-4 were increased significantly and concomi-
tantly at P17 in OIR retinas compared with those in their 
age-matched controls. And expression levels of IL-17A, 
GRP78 and ATF-4 mRNA (Additional file 1: Fig. S1a–c) 
were increased significantly in OIR retinas (P12, P15, 
P17, P21) compared with those in their age-matched 
controls. Moreover, immunofluorescence co-localization 
of F4/80 (specific macrophage marker, red) and GRP78, 
ATF-4, IL-17A ((Fig.  2b, green) were observed in nor-
mal and OIR retinas at P17. Double staining of F4/80 and 
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GRP78, ATF-4, IL-17A showed close association between 
each other (Fig.  2b, yellow), indicating that cytokines 
expressed in retinal macrophages. Both ATF-4 and 
GRP78 positive staining in retinal macrophages (Fig. 1b, 
magnified boxed areas) were increased in OIR retinas 
compared with those in normal group at P17. These data 
suggested that hypoxia-induced increased IL-17A pro-
duction and ER stress activation in retinal macrophages 
of OIR mice at P17.

Next, we assessed the expression levels of IL-17A, 
GRP78 and ATF-4 in macrophages, which were cultured 
in 1% oxygen to mimic the retina ischemia that occurs 
in OIR. Results showed that mRNA expression levels of 
IL-17A was elevated significantly at 8  h and 12  h after 
exposed to hypoxia, while GRP78 and ATF-4 increased 
strongly in accordance with IL-17A at 12 h after exposed 
to hypoxia (Fig.  1c). Western blotting assays indicated 
that expressions of IL-17A, GRP78 and ATF-4 protein 
were significantly up-regulated in cells cultured under 
hypoxic conditions, simultaneously reaching a peak at 
12  h (Fig.  2d). Furthermore, immunofluorescence co-
localization of F4/80 (Fig.  2e, red) and GRP78, ATF-4, 
IL-17A ((Fig.  2e, green) were observed in macrophages 
cultured under normoxic (0 h) and hypoxic (12 h) condi-
tions. Both ATF-4 and GRP78, as well as IL-17A, positive 
staining in macrophages (Fig. 1e, yellow) were increased 
after exposed to hypoxia for 12 h compared with those in 
normoxia group (0 h). These data indicated that hypoxia-
induced increased IL-17A production and ER stress acti-
vation in macrophages in vitro.

IL‑17A promoted ER stress activation in OIR retinas
To investigate the effects of IL-17A on ER stress, we 
measured mRNA and protein expression levels of ER 
stress markers in normal mice retinas with or without 
rmIL-17A intravitreally injected. The data demonstrated 
that rmIL-17A treatment increased retinal GRP78, ATF4 
and CHOP mRNA (Additional file 1: Fig. S2a) and pro-
tein (Fig. 2a) levels compared with that in PBS treatment 
group (P < 0.01). As to retinas of OIR mice, intravitreal 
injection of IL-17ANab notably downregulated GRP78, 

ATF4 and CHOP mRNA (Additional file  1: Fig. S2b–d) 
and protein (Fig. 2b) levels at the concentration of 1.0 μg/
μl compared with that in the PBS treatment group 
(0  μg/ml) (P < 0.01). Moreover, immunofluorescence 
co-localization of F4/80 (specific macrophage marker, 
red) and ATF-4 (Fig.  2c, green), GRP78 (Fig.  2c, green) 
were observed in WT-normal retinas treatment with 
PBS or rmIL-17A, as well as retinas of WT-OIR or IL-
17A KO-OIR mice. Double staining of F4/80 and ER 
stress markers showed a close association between each 
other (Fig. 2c, d, yellow), indicating that ER stress mark-
ers expressed in retinal macrophages. Both ATF-4 and 
GRP78 positive staining in retinal macrophages were 
increased after intravitreal injection with rmIL-17A com-
pared with that in PBS treatment group (Fig.  2c, mag-
nified boxed areas). However, compared to WT-OIR 
mice, decreased ATF-4 and GRP78 positive staining in 
retinal macrophages was observed in IL-17A KO-OIR 
mice (Fig. 2d, magnified boxed areas). In addition, west-
ern blotting analysis showed that compared to WT-OIR 
mice, retinas of IL-17A KO-OIR mice had significantly 
decreased expression of GRP78, ATF4 and CHOP both 
in protein (Fig. 2e) and mRNA (Fig. 2f ) levels (P < 0.01). 
And there was no significant difference was observed in 
protein levels between normal and OIR group of IL-17A 
KO mice (Fig. 2e). These data suggested that IL-17A neu-
tralization alleviated hypoxia-induced ER stress activa-
tion in retinal macrophages of OIR mice.

IL‑17A promoted ER stress activation in macrophages 
cultured under hypoxic conditions
To detect whether IL-17A induced ER stress in mac-
rophages in  vitro, we analyzed the levels of ER stress 
markers in macrophages treated with different concentra-
tions of rmIL-17A for 24 h. The results demonstrated that 
there were simultaneous and significant up-regulation of 
GRP78, ATF4 and CHOP mRNA expression in 10  ng/
ml and 25 ng/ml rmIL-17A treatment groups compared 
with those in PBS treatment group (0  ng/ml) (P < 0.05) 
(Fig. 3a). Western blotting analysis showed that ER stress 
markers accompanied with IL-17A protein expression 

Fig. 1  Hypoxia-induced changes of IL-17A and ER stress markers in retinas and macrophages. a Western blotting analysis of GRP78, ATF-4 and 
IL-17A protein levels at P12, P15, P17, P21 in retinas of OIR mice compared with their age-matched controls. b Immunofluorescent staining of 
F4/80 (red, specific expressed by macrophage) and ATF-4 (green), GRP78 (green), IL-17A (green) on representative sections of retinas from P17 OIR 
mice and normal controls. Boxed areas are magnified in the images. Yellow represents co-localization of GRP78, ATF-4 or IL-17A and macrophages 
infltration. Scale bars, 100 μm. c, d Analysis of mRNA (c) and protein (d) levels of GRP78, ATF-4 and IL-17A in macrophages exposed to hypoxia 
for 0, 4, 6, 8, 12 or 24 h. e Immunofluorescent staining of F4/80 (red) and ATF-4 (green), GRP78 (green), IL-17A (green) in macrophages cultured 
under hypoxic conditions for 0 and 24 h. Yellow represents cellular localization of GRP78, ATF-4 or IL-17A. Scale bars, 50 μm. β-actin served as an 
endogenous reference for normalization. Data are shown as mean ± SEM, n = 6–8 per group for Real-time RT-PCR, n = 3 per group for western 
blotting. Each experiment repeated three times. ns, no significance. * P < 0.05 and **P < 0.01 compared with control groups. ONL, outer nuclear 
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer

(See figure on next page.)
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levels were increased significantly in groups of 5  ng/ml 
continue to 25  ng/ml rmIL-17A treatment compared 
with those in PBS treatment group (0  ng/ml) (P < 0.01) 

(Fig. 3d). Therefore, the concentration of 25 ng/ml rmIL-
17A was selected as a positive control of providing maxi-
mal stimulation of cytokine expression. Additionally, 

Fig. 2  Neutralization or knockout of IL-17A inhibited ER stress in OIR retinas. a Effects of rmIL-17A (100 ng/μl) stimulation on the protein levels of 
GRP78, ATF-4 and CHOP in retinas from WT normal mice. b Effects of different concentrations of IL-17ANab (0, 0.5, 1.0 μg/μl) on GRP78, ATF-4 and 
IL-17A protein levels in retinas from WT-OIR mice. c Immunofluorescent staining of F4/80 (red) and ATF-4 (green), GRP78 (green) on representative 
sections of retinas from normal WT mice with PBS or rmIL-17A stimulation. d Immunofluorescent staining of F4/80 (red) and ATF-4 (green), GRP78 
(green) in retinas of OIR mice from WT ones and IL-17A KO ones. Boxed areas are magnified in the images. Yellow represents co-localization of 
GRP78 or ATF-4 and macrophages infltration. Scale bars, 100 μm. e, f Changes of retinal GRP78, ATF-4 and CHOP protein (e) and mRNA (f) levels 
in OIR mice from WT ones and IL-17A KO ones. β-actin served as an endogenous reference for normalization. Data are shown as mean ± SEM, 
n = 6–8 per group for Real-time RT-PCR, n = 3 per group for western blotting. Each experiment repeated three times. ns, no significance. * P < 0.05 
and **P < 0.01 compared with control groups, ##P < 0.01 compared with each other. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner 
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer
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IL-17A neutralization significantly attenuated GRP78, 
ATF4 and CHOP mRNA (Fig.  3b) and protein (Fig.  3e) 
levels in macrophages cultured under hypoxia for 12  h 
at the concentration of 1.0  μg/ml compared with those 
in PBS treatment group (0  μg/ml) (P < 0.01) (Fig.  3b, e). 
Moreover, we detected levels of ER stress markers in pri-
mary BMDMs from WT and IL-17A KO mice following 

exposure to hypoxia for 12 h. Real-time RT PCR results 
showed a significant decrease in the expression levels of 
GRP78, ATF4 and CHOP in cells from IL-17A KO mice 
than those from WT ones (P < 0.01) (Fig.  3c). Taken 
together, these results suggested that IL-17A implicated 
in promoting ER stress activation in macrophages cul-
tured under hypoxic conditions.

Fig. 3  Neutralization or knockout of IL-17A dampened ER stress in macrophages cultured under hypoxic conditions. a, d Real-time RT-PCR and 
western blotting analysis of GRP78, ATF-4 and CHOP mRNA (a) and protein (d) levels in macrophages pretreated with rmIL-17A for 24 h at different 
concentrations (0, 5, 10, 25, 50, 100 ng/ml). b, e Real-time RT-PCR and western blotting analysis of GRP78, ATF-4, CHOP and IL17A mRNA (b) and 
protein (e) levels in macrophages exposed to hypoxia for 12 h pretreated with IL-17ANab at different concentrations (0, 0.5, 1.0 μg/ml). c Changes of 
GRP78, ATF-4 and CHOP mRNA levels in macrophages from WT mice and IL-17A KO mice cultured under hypoxic conditions for 12 h. β-actin served 
as an endogenous reference for normalization. Data are shown as mean ± SEM, n = 6–8 per group for Real-time RT-PCR, n = 3 per group for western 
blotting. Each experiment repeated three times. ns, no significance. * P < 0.05 and **P < 0.01 compared with control groups
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ER stress contributed to high levels of IL‑17A expression 
in macrophages exposed to hypoxia
To further explore the relationship between ER stress 
response and IL-17A, IL-17A expression levels were 
detected in normal mice retinas after treatment with dif-
ferent concentrations of TM, as well as in OIR retinas 
after treatment with different concentrations of 4-PBA. 
Results demonstrated that TM treatment simultaneously 
increased retinal ER stress markers and IL-17A mRNA 
(Fig.  4a) and protein (Fig.  4b) expression levels at the 
concentration of 0.5 μg/μl compared with those in vehi-
cle treatment group (P < 0.01) (Fig.  4a, b). As to retinas 
of OIR mice, 4-PBA intravitreal injection significantly 
downregulated ER stress markers accompanied with 
decreased IL-17A mRNA (Fig.  4c) and protein (Fig.  4d) 
levels at the concentration of 1.0 and 10  nmol/μl com-
pared with those in vehicle treatment group (0  µg/ml) 
(P < 0.01) (Fig. 4c, d). Therefore, concentrations of 0.5 µg/
μl TM and 10 nmol/μl 4-PBA were chosen as the effec-
tive treatment concentrations. These findings indicated 
that in OIR retinas, ER stress activation induced higher 
level of IL-17A production in retinal macrophages.

To confirm the above results in macrophage in vitro, we 
analyzed IL-17A levels in macrophages treated with dif-
ferent concentrations of TM for 6 h. It was observed that 
there was significant upregulated expression of IL-17A, 
as well as GRP78 and ATF-4, mRNA (Additional file  1: 
Fig. S3) and protein (Fig. 4e) levels in 2 μg/ml continue 
to 6  µg/ml (peaked at 4  µg/ml) TM treatment groups 
compared with those in vehicle treatment group (0  ng/
ml) (P < 0.01) (Fig. 4e). Furthermore, 4-PBA significantly 
alleviated IL-17A, GRP78 and ATF-4 mRNA (Fig. 4f ) and 
protein (Fig.  4g) levels in macrophages cultured under 
hypoxia for 12 h at a concentration of 10 nmol/ml com-
pared with those of vehicle (0 nmol/ml) (Fig. 4f, g). Thus, 
4 μg/ml TM and 10 nmol/ml 4-PBA were selected as the 
effective treatment concentrations of providing maximal 
stimulation of cytokine expression. Taken together, these 
results suggested that ER stress contributes to increased 
levels of IL-17A expression in macrophages exposed to 
hypoxia both in vitro and in vivo.

IL‑17A interacted with ER stress contributes to RNV
To further confirm the interaction between IL-17A and 
ER stress, we analyzed the expression levels of IL-17A 
and ER stress markers in OIR retinas, which were pre-
treated with 4-PBA or IL-17ANab at their effective con-
centrations, by western blotting analysis (Fig.  5a) and 
double immunofluorescence (Fig. 5b–d). Results showed 
that treatment with 4-PBA or IL-17ANab strongly 
decreased IL-17A and ER stress markers protein expres-
sion levels in OIR retinas, compared with those in vehicle 

treatment groups (Fig. 5a). Besides, immunofluorescence 
co-localization of F4/80 (red) and ATF-4 (Fig. 5b, green), 
GRP78 (Fig.  5c, green), IL-17A (Fig.  5d, green) were 
observed in OIR retinas intravitreally injected with 
4-PBA or IL-17ANab. Double staining of F4/80 and ER 
stress markers, as well as IL-17A, showed a close asso-
ciation between each other (Fig. 5b–d, yellow), indicating 
that cytokines expressed in retinal macrophages. Positive 
staining of ATF-4, GRP78 and IL-17A in retinal mac-
rophages were strongly decreased after treatment with 
4-PBA or IL-17ANab compared with those in vehicle 
treatment group (Fig. 5b–d, magnified boxed areas).

Next, we evaluated the effects of 4-PBA or IL-17ANab 
treatment on angiogenesis in OIR mice by analyzing the 
avascular area and RNV area with isolectin B4 staining 
in whole-mounted retinas. As a result, 4-PBA or IL-
17ANab treatment significantly decreased retinal avascu-
lar area by 69.6%, 76.1% and RNV area by 74.4%, 65.3% 
respectively compared with those in vehicle-treated OIR 
mice (Fig.  6). It is also worth noting that significantly 
decreased retinal avascular area by 35.6% and RNV area 
by 41.9% in retinas from IL-17A KO-OIR mice compared 
with those in WT-OIR mice (Fig. 6). However, there were 
no statistical difference among 4-BPA, IL17ANab treat-
ment group and IL-17A KO-OIR group of both avascular 
area and RNV area.

Effects of ER stress on activation of TXNIP/NLRP3 pathway
It has previously been known that TXNIP/NLRP3 
inflammasome is activated by ER stress in several dis-
eases, sunch as diabetes mellitus, some neurodegen-
erative diseases and atherosclerosis [31, 32], however, 
related data is scarce in ischemic retinopathy. To fill the 
gap, we examined the inflammatory cytokines using 
western blotting and real-time RT PCR analysis in reti-
nas and macrophages. Results showed that TXNIP, 
NLRP3 and IL-1β expression levels were strongly upreg-
ulated in retinas of mice intravitreally injected with TM 
(0.5  µg/μl) compared with those in vehicle treatment 
group (P < 0.01) (Fig. 7a, b). As expected, TXNIP, NLRP3, 
IL-1β were also overexpressed in OIR retinas compared 
with those in the normoxia group (Fig. 7c, d). However, 
intravitreal injection of 4-PBA (10 nmol/μl) significantly 
decreased the expression levels of TXNIP, NLRP3, IL-1β 
in the OIR treated group compared with those in the OIR 
control group (Fig. 7c, d). Furthermore, expression levels 
of TXNIP, NLRP3, IL-1β in macrophages with different 
treatments showed similar results with those in retinas 
(Fig. 7e–h), which indicated that ER stress could stimu-
late TXNIP/NLRP3 inflammasome activation in the 
macrophages cultured under hypoxia, as well as in the 
retinas of OIR.
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Fig. 4  ER stress promoted production of IL-17A in macrophages exposed to hypoxia both in vivo and in vitro. a, b Effects of different 
concentrations of TM (0, 0.1, 0.5, 1.0 μg/μl) on GRP78, ATF-4, CHOP, IL-17A mRNA (a) and protein (b) expression levels in normal retinas. c, d Effects 
of different concentrations of 4-PBA (0, 0.1, 1, 10 nmol/μl) on GRP78, ATF-4, IL-17A mRNA (c) and protein (d) expression levels in OIR retinas. e Effects 
of different concentrations of TM (0, 0.1, 1, 2, 4, 6 μg/ml) on GRP78, ATF-4 and IL-17A protein expression levels in macrophages cultured under 
normoxic conditions. f, g Effects of different concentrations of 4-PBA (0, 0.1, 1, 5, 10 nmol/ml) on GRP78, ATF-4, CHOP, IL-17A mRNA (f) and protein 
(g) expression levels in macrophages cultured under hypoxic conditions. β-actin served as an endogenous reference for normalization. Data are 
shown as mean ± SEM, n = 6–8 per group for Real-time RT-PCR, n = 3 per group for western blotting. Each experiment repeated three times. ns, no 
significance. * P < 0.05 and **P < 0.01 compared with control groups
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Effects of TXNIP/NLRP3 pathway blockage on IL‑17A 
production in retinas and macrophages under hypoxic 
conditions
To assess the effects of TXNIP/NLRP3 pathway block-
age by MCC950 on IL-17A production in ischemic 
retinopathy, western blotting were performed in  vitro 
and in vivo. The data demonstrated that expression lev-
els of IL-17A, as well as NLRP3, TXNIP and IL-1β, sig-
nificantly decreased after MCC950 intravitreally injected 
at the concentration of 0.1  mM in retinas of OIR mice 
compared with those in the OIR control group (0  mM) 
(P < 0.05) (Fig.  8a). Furthermore, IL-17A expression lev-
els, as well as NLRP3, TXNIP and IL-1β, in the mac-
rophage exposed to hypoxia significantly decreased after 
treatment with MCC950 at the concentration of 0.1, 

1 μM compared with those in the control group (0 μM) 
(P < 0.05) (Fig.  8b). Besides, western blotting analy-
sis showed that the macrophages, which were cultured 
under hypoxic conditions following pre-transfected with 
TXNIP shRNA, expressed significantly decreased levels 
of IL-17A, as well as TXNIP, NLRP3 and IL-1β, compared 
with those in control negative shRNA pre-transfected 
group (Fig.  8c). These results suggested that TXNIP/
NLRP3 pathway contributed to IL-17A production in the 
retina and macrophage under hypoxic conditions.

Discussion
Abnormal changes of retinal vessels and inflammatory 
cell infiltration are all-important events in the pathogen-
esis of ischemic retinopathy. Exploring the interaction 

Fig. 5  Effects of IL-17ANab or 4-PBA on ER stress markers and IL-17A production in OIR retinas. a Western blotting analysis of GRP78, ATF-4, 
CHOP and IL-17A protein levels in normal retinas and OIR retinas pretreated with 4-PBA (10 nmol/μl) or IL-17ANab (1.0 μg/μl) or vehicle. b–d 
Immunofluorescent staining of F4/80 (red) and ATF-4 (b, green), GRP78 (c, green), IL-17A (d, green) in OIR retinas treated with 4-PBA or IL-17NAab 
or vehicle. Boxed areas are magnified in the images. Yellow represents co-localization of ATF-4 or GRP78 and macrophages infltration. Scale bars, 
100 μm. β-actin served as an endogenous reference for normalization. Data are shown as mean ± SEM, n = 6–8 per group for Real-time RT-PCR, 
n = 3 per group for western blotting. Each experiment repeated three times. * P < 0.05 and **P < 0.01 compared with control groups or each other. 
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer
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mechanisms between neovascularization and inflamma-
tion in the pathological process will be conducive to exca-
vate more potential therapeutic modality. In the current 
research, we found that ER stress contributed to OIR by 
interplaying with IL-17A in macrophages, and TXNIP/
NLRP3 pathway mediated in the interaction between 
IL-17A and ER stress in promoting neovascularization 
and inflammation. The identification of the facilitation 
of RNV by the interaction between IL-17A and ER stress 
provides a new pharmacological therapeutic target for 
the treatment of ROP and other ischemic retinopathies.

As known to all, macrophages are crucial adjuster 
of innate and adaptive immune responses, and have 
been identified as important angiogenic effector cells 
that capable of modulating neovascularization [33]. 
Numerous previous research showed that IL-17A, as a 
pro-inflammatory cytokine, is involved in macrophage 
polarization which could induce M1 macrophage polari-
zation but mitigate M2 polarization, by which IL-17A 
increased RNV in ischemic retinopathy [7, 34]. In this 
study, results showed that IL-17A was notably increased 
in retinas of OIR mice at P17, as well as in primary 
BMDMs cultured under hypoxic conditions for 12  h. 
Besides, immunofluorescent staining showed that IL-17A 
expressed in retinal macrophages of OIR models. In line 
with our findings, previous research [35] revealed that 
retinal microglia expressed IL-17A in OIR and produced 
this cytokine in response to hypoxia. Simultaneously, 
similar to IL-17A, upregulated levels of ER stress markers 

GRP78 and ATF-4 were observed in macrophages under 
hypoxic conditions both in vivo and in vitro. Previously, 
there were studies [20, 36] revealed that ER stress was 
activated in OIR retinas accompanied with increased 
expression levels of GRP78, peIF2α, ATF4, and CHOP. 
However, our results indicated ER stress was activated in 
retinal macrophages in response to hypoxia for the first 
time. Despite the revealed contribution of IL-17A and 
ER stress to retinal macrophages in response to hypoxia 
respectively, the relationship between IL-17A and ER 
stress following ischemic retinopathy has not been 
clarified.

IL-17A augmented ER stress has been implicated in 
some organ damage, including LPS-induced lung injury 
[11], intracerebral hemorrhage [28], alcoholic hepatitis 
[29]. However, data is scarce related to the role of IL-17A 
on inducing ER stress in retinopathy. In our experiments, 
we noted that rmIL-17A stimulation significantly upreg-
ulated retinal GRP78, ATF-4, CHOP expression in nor-
mal mice. However, neutralization of IL-17A decreased 
the expression of GRP78, ATF-4, CHOP in OIR retinas. 
Similar results were conducted by using IL-17A KO 
mice. It is worth noting that immunofluorescence stain-
ing showed high coincidence between GRP78, ATF-4 and 
macrophage. Thus, we further confirmed these results in 
macrophage in vitro and results showed that IL-17A acti-
vated ER stress response at the concentration of 10 ng/ml 
and 25  ng/ml, while IL-17ANab significantly attenuated 
high levels of GRP78, ATF4 and CHOP in macrophages 

Fig. 6  Inhibition of ER stress or IL-17A alleviated RNV. a Immunofluorescence staining of fluorescein-conjugated lectin in retinal flat-mounts of 
normal and OIR WT mice at P17 treated with 4-PBA or IL-17ANab or vehicle, as well as in retinal flat-mounts of normal and OIR IL-17A KO mice. 
Areas of vaso-obliteration (within yellow lines) and NV (red) were quantified. b, c Quantification of the avascular area (b) and NV area (c) of retinal 
flat mounts. N = 6 per group. ns, no significance. ***P < 0.001 compared with OIR (WT)-vehicle group. ###P < 0.001 compared with OIR (WT)-control 
group. Scale bars, 500 μm. Data are shown as mean ± SEM. ns, no significance
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Fig. 7  ER stress promoted the activation of TXNIP/NLRP3 pathway in vivo and in vitro. a, b Effects of TM (0.5 μg/μl) on TXNIP, NLRP3 and IL-1β mRNA 
(a) and protein (b) expression levels in normal retinas. c, d Alterations of TXNIP, NLRP3 and IL-1β mRNA (c) and protein (d) levels in normal and OIR 
retinas pretreated with 4-PBA (10 nmol/μl) or vehicle. e, f Effects of TM (4 μg/ml) on TXNIP, NLRP3 and IL-1β mRNA (e) and protein (f) expression 
levels in normal macrophages. g, h Changes of TXNIP, NLRP3 and IL-1β mRNA (g) and protein (h) expression levels in macrophages cultured under 
normoxic or hypoxic conditions pretreated with 4-PBA (10 nmol/ml) or vehicle. β-actin served as an endogenous reference for normalization. Data 
are shown as mean ± SEM, n = 6–8 per group for Real-time RT-PCR, n = 3 per group for western blotting. Each experiment repeated three times. ns, 
no significance. *P < 0.05 and **P < 0.01 compared with control groups or each other
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exposed to hypoxia at the concentration of 1.0  μg/ml. 
Similar results were conducted by using cells isolated 
from IL-17A KO mice. A study from Zhao Yang et  al. 
[28] also demonstrated that IL-17A directly induced ER 
stress of macrophages in vitro, which lead to macrophage 
inflammation. However, there was a different effective 
concentration of IL-17A according to our results. The 
reason might be that we had different intervention dura-
tion. Therefore, unprecedentedly, we conclude that IL-
17A may activated ER stress in macrophages of ischemic 
retinopathy.

In addition to the point IL-17A activated ER stress 
under some pathological conditions, there were also 
reports indicated ER stress, as a critical proinflamma-
tion factor, promoted the secretion of IL-17A [11, 30, 
37]. Therefore, we explored the effects of ER stress on IL-
17A production in macrophage both in vivo and in vitro. 
Our results in  vivo demonstrated that elevated IL-17A 
level was induced by ER stress inducer TM at the con-
centration of 0.5 and 1.0 μg/μl in normal retinas, accom-
panying with high levels of ERS markers. However, ER 
stress inhibitor 4-PBA decreased high levels of IL-17A 
expression, accompanying with decreased levels of ERS 

markers, in OIR retinas at the concentration of 10 nmol/
μl. Previously, ATF3, as a key transcription factor in ER 
stress, positively regulated IL-17A production. After 
infected with S.pneumoniae, ATF3 KO mice showed a 
marked reduction of IL-17A expression in lung com-
pared to that in WT mice [37]. Also, T lymphocytes and 
peripheral blood mononuclear cells responded to ERS by 
activating the IRE1/XBP1 signaling pathway, promoting 
secretions of IFN-γ, IL-17A, and IL-2 in a study about 
ulcerative colitis [30]. In mice proximal small intestine, 
IL-17A production in paneth cells induced by alcohol 
augmented ER stress [29]. In this study, we further con-
firmed these results in macrophages in vitro. At concen-
trations ranging from 2  µg/ml to 6  µg/ml, TM elevated 
expression levels of IL-17A in macrophages, as well as ER 
stress markers. 4-PBA, at the concentration of 10 nmol/
ml, alleviated high levels of IL-17A and ER stress mark-
ers in macrophages cultured under hypoxic conditions. 
Hence, we conclude that ER stress may promote the 
secretion of IL-17A in macrophages of ischemic retinop-
athy for the first time.

Furthermore, treatments with 4-PBA or IL-17ANab at 
their effective concentrations notably decreased IL-17A 

Fig. 8  Effects of MCC950 on the production of IL-17A under hypoxia conditions both in vivo and in vitro. a Representative immunoblots and 
densitometric analyses of TXNIP, NLRP3, IL-1β and IL-17A protein expression levels in OIR retinas treated with different concentrations of MCC950 
(0, 0.01, 0.1, 1, 10 mM). b Representative immunoblots and densitometric analyses of TXNIP, NLRP3, IL-1β and IL-17A protein expression levels 
in macrophages cultured under hypoxic conditions treated with different concentrations of MCC950 (0, 0.01, 0.1, 1, 10 μM). c Representative 
immunoblots and densitometric analyses showed alterations of TXNIP, NLRP3, IL-1β and IL-17A protein expression levels in macrophages cultured 
under hypoxic conditions following TXNIP gene silenced with TXNIP shRNA. β-actin served as an endogenous reference for normalization. Data are 
shown as mean ± SEM, n = 6–8 per group for Real-time RT-PCR, n = 3 per group for western blotting. Each experiment repeated three times. ns, no 
significance. * P < 0.05 and **P < 0.01 compared with control groups or each other
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and ER stress markers levels in OIR retinas. Inhibition of 
IL-17A or ER stress also significantly inhibited oxygen-
induced macrophage recruitment in retinas as shown by 
F4/80 immunofluorescence staining. Therefore, it’s rea-
sonable to infer that the interplay between IL-17A and 
ER stress in retinal macrophages promotes the progres-
sion of ischemic retinopathy.

Mounting evidence have demonstrated the role of IL-
17A and ER stress in promoting inflammation and neo-
vascularization in ischemic retinopathy respectively. For 
example, Yanji Zhu et  al. [7] reported that IL-17A neu-
tralization alleviated retinal and choroidal neovasculari-
zation by promoting M2 and mitigating M1 macrophage 
polarization. And in DR patients, higher level of IL-17A 
was observed in parallel with the progression of neo-
vascularization [15]. As to ER stress, a previous report 
showed that 4-PBA ameliorated inflammation in cultured 
human retinal endothelial cells exposed to hypoxia, as 
well as in the retinas of diabetic and OIR mice [18]. Previ-
ous study of Li Liu et al. [20] revealed that inhibition of 
IRE1a, XBP-1, ATF6 each increased VEGF degradation 
and reduced intracellular VEGF levels, eliciting a reduc-
tion of angiogenesis in both the CNV and OIR models 
in  vitro. ER stress inducers TM and thapsigargin (TA) 
accelerated retinal neovascularization, and GRP78 (BiP) 
small interfering (si) RNA significantly reduced neovas-
cular outgrowth in mice retinas of OIR model [36]. Con-
sistently, in our current study, 4-PBA and IL-17ANab, as 
well as knock down of IL-17A, notably dampened retinal 
avascular area and RNV area in OIR mice model. Immu-
nofluorescence also showed inhibition of IL-17A or ER 
stress remarkably inhibited hypoxia-induced macrophage 
recruitments in retinas. Moreover, previous investiga-
tions [7] revealed that HUVECs cultured with rIL-17A 
and rIL-17A-treated macrophage supernatant showed 
an indirect effect of IL-17A on angiogenesis. And using 
HUVECs cultured with TM and TM-treated macrophage 
supernatant, our results showed that TM could play both 
direct and indirect roles on promoting angiogenesis 
(Additional file 1: Fig. S4). Previous studies revealed that 
under ER stress, macrophages are activated and could 
secrete high levels of inflammatory cytokines sunch as 
TNF-α, IL-1β, IL-6 [28, 38]. These data suggested that IL-
17A and ER stress in macrophages may accelerated RNV 
in ischemic retinopathy interactionally by promoting 
macrophage inflammation.

Furthermore, we found TXNIP/NLRP3 pathway 
was mediated in the interplay between IL-17A and ER 
stress in OIR. Plenty of studies have shown that TXNIP 
induced NLRP3 inflammasome activation in endothelial 
cells, macrophages and pancreatic beta cells in response 
to reactive oxygen species (ROS) and ER stress in several 
diseases [25, 31, 32]. Moreover, TXNIP/NLRP3 pathway 

was activated due to increased ROS production in DR, 
as well as in Müller cells exposed to high glucose condi-
tion [24, 39], indicating its important role in the patho-
genesis of ischemic retinopathy. Nevertheless, there is 
a gap in knowledge concerning whether ER stress leads 
to the activation TXNIP/NLRP3 pathway in ischemic 
retinopathy. Consistently, we found TM directly elavated 
TXNIP, NLRP3 and IL-1β levels, while 4-PBA signifi-
cantly dampened hypoxia-induced increased expression 
of TXNIP, NLRP3 and IL-1β both in  vivo and in  vitro. 
In addition, we demonstrated the facilitation of IL-17A 
production by TXNIP/NLRP3 pathway activation using 
MCC950 (NLRP3 inflammasome inhibitor) and TXNIP 
shRNA pre-transfected into macrophages cultured under 
hypoxic conditions. MCC950 is a selective small-mole-
cule inhibitor of the NLRP3 inflammasome, which can 
specifically inhibit both classical and nonclassical NLRP3 
inflammasome activation [40]. These results lend fur-
ther support to previously documented role of NLRP3 
inflammasome activation on IL-17A production [41, 
42]. Thus, the present study also fills a gap in knowledge 
about the relationship between TXNIP/NLRP3 pathway 
and IL-17A in OIR. Taken together, the evidence points 
to a crucial role for TXNIP/NLRP3 pathway in the inter-
action between IL-17A and ER stress in macrophages of 
ischemic retinopathy.

Finally, some limitations of this study need to be con-
sidered. First, we could not determine the effects of ER 
stress on macrophage polarization, as well as the subse-
quent macrophage inflammatory cytokines. Second, as 
there are three signaling pathways involved in ER stress, 
further studies are needed to identify which one or ones 
interplay with IL-17A in macrophages of ischemic retin-
opathy. Therefore, future studies should address this the-
oretical and empirical gap.

In conclusion, the present study demonstrated a novel 
mechanism underlying the pathogenesis of ischemic 
retinopathy. Our findings elucidated IL-17A and ER 
stress in macrophages are involved in a positive feed-
back loop, which subsequently promoted ischemic 
retinopathy by facilitating inflammation and RNV. More-
over, TXNIP/NLRP3 pathway mediated in the interplay 
between IL-17A and ER stress in macrophages under 
hypoxic conditions. Therefore, the molecular crosstalk 
between IL-17A, ER stress and TXNIP/NLRP3 inflam-
masome activation (Additional file 1: Fig. S5) represents 
a vicious cycle that can be pharmacologically targeted to 
curtail RNV in ischemic retinopathy.

Materials and methods
Materials and reagents
Dimethylsulfoxide (DMSO) (Cat: D2650), 4-PBA (Cat: 
P21005) was purchased from Sigma (St.Louis, MO, USA). 
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Recombinant Mouse IL-17A (rmIL-17A) (Cat: 7956-ML) 
and IL-17ANab (Cat: MAB421) were purchased from 
R&D Systems (Minneapolis,MN,USA). MCC950 (Cat: 
S7809) was purchased from Selleck Chemicals (Houston, 
TX, USA), TM (Cat: ab120296) and primary antibodies 
against F4/80 (Cat: ab16911), ATF-4 (Cat: ab216839), 
GRP78 (Cat: ab109659), CHOP (Cat: ab10444), IL-1β 
(Cat: ab234437), β-actin (Cat: ab179467) were purchased 
from Abcam (Cambridge, MA, USA), primary antibod-
ies against TXNIP (Cat:14715S), NLRP3 (Cat: 15101S), 
IL-17A (Cat: 13838S) were purchased from Cell Signaling 
Technology (Ozyme, SaintQuentin-en-Yvelines, France). 
Dulbecco’s modified Eagle’s medium (DMEM) (Cat: 
10,567,014), Minimum Essential Medium (MEM) α (Cat: 
32,561,037), fetal bovine serum (FBS) (Cat:10,099,141) 
and penicillin–streptomycin (Cat:10,378,016) were 
obtained from Thermo Scientific (Logan, UT, USA).

Animal
WT C57BL/6 mice (19–25  g) were purchased from 
Lingchang Laboratory Animal company (Shanghai, 
China). IL-17A KO mice (19–25  g) in a C57BL/6 back-
ground were purchased from Jackson Labs (The Jackson 
Laboratory, Bar Harbor, ME, USA). All mice used in this 
study were pathogen-free. A total of 300 mic were used 
in this study. The sample size for each experiment was 
determined based on our previous experiences in similar 
experimental settings and data published by others. No 
animals were excluded from the experiments. For each 
experiment, mice were randomly assigned to different 
groups according to a randomization procedure (http://​
www.​rando​mizer.​org/). The researchers were blinded to 
the group allocation during the experiments. All proce-
dures and animal care were performed according to the 
the guidelines of the Animal Care and Use Committee, 
with the approval of the Scientific Investigation Board 
of Shanghai Jiao Tong University, School of Medicine, 
Shanghai, China. All efforts were made to minimize ani-
mal suffering.

To establish OIR mice model [43], postnatal 7 day (P7) 
pups (4–6 g) and their mothers (19–25 g) were exposed 
to 75% oxygen for 5 days to P12 and then maintained in 
room air for an additional 5 days. Oxygen was continu-
ously monitored with an oxygen controller (PRO-OX 
110; Reming Bioinstruments Co., Redfield, SD, USA). 
Mice of normal control group were kept in room air dur-
ing the entire postnatal period. Pups were sacrificed by 
cervical dislocation at P12, P15, P17 or P21, and their 
eyes and retinas were then enucleated.

Intravitreal injection
At P12, one eye of OIR mice received intravitreal injec-
tions of 1 μL 4-PBA (0, 0.1, 1.0, 10  nmol/μl) or 1  μL 

IL-17ANAb (0, 0.5, 1.0 µg/μl), as well as 1 μL MCC950 
( 0, 0.01, 0.1, 1.0, 10  mM), and the other eye intravit-
reously injected with 1 μL vehicle. Phosphate buffered 
saline (PBS) or 0.001% DMSO was used as vehicle con-
trol. In addition, one eye of P15 normal mice received 
intravitreal injections of rmIL-17A (100  ng/μL, 1  μL) 
[7] and the other eye intravitreally injected with PBS 
(1 μL). Moreover, one eye of P15 normal mice received 
intravitreal injections of 1  μL TM (0, 0.1, 0.5  μg/μl) 
and the other eye intravitreally injected with 1  μL 2% 
DMSO in PBS (vehicle). Intravitreal injection was per-
formed using a dissecting microscope with a Harvard 
Pump Microinjection System (Harvard Apparatus, Hol-
liston, MA) and pulled glass micropipettes. All mice 
were killed at P17, and their eyes and retinas were 
enucleated.

Cell culture and treatments
Male C57BL/6 mice (19–25  g) were anesthetized with 
pentobarbital sodium (50  mg/kg) by intraperitoneal 
injection. After that, BMDMs were isolated from pre-
cursors in the tibias and femurs of the mice as previ-
ously described [44]. Bone marrow cells were cultured 
in α-MEM supplemented with 10% FBS, 100 U/ml peni-
cillin, 100  μg/ml streptomycin in a humidified 5% CO2, 
37  °C incubator. Hypoxia treatment of cells was as pre-
viously described [16]. Briefly, 3 × 105  cells were seeded 
in each well of 12-well plates. When cells were grown to 
80% confluence, media was removed in normoxia and 
cells were put into a hypoxic chamber (Stem cell technol-
ogies, USA) kept at low oxygen tension (1% O2, 5% CO2 
and 94% N2, 37 °C). Then cells were cultured in hypoxic 
chamber for various times with or without different con-
centrations of 4-PBA (0, 0.1, 1.0, 5, 10  nmol/ml) or IL-
17ANab (0, 0.5, 1.0 µg/ml) or MCC950 (0, 0.01, 0.1, 1.0, 
10  µM) pretreated. In addition, cells under normoxia 
were treated with different concentrations of rmIL-17A 
(0, 5, 10, 25, 50, 100 ng/ml) for 24 h (h) and TM (0, 0.1, 
1.0, 2, 4, 6 µg/ml) for 6 h. PBS or 0.001% DMSO was used 
as vehicle control. Finally, RNA or protein was isolated 
for real time RT-PCR or western blotting.

Gene silencing with shRNA
BMDMs were plated into 12-well plate at a density of 
3 × 105 cells per well. When cells were grown to 80% con-
fluence, negative control short hairpin RNA (shRNA) 
plasmids and shRNA plasmid targeting TXNIP (pur-
chased from Shanghai JiKai Gene Chemical Technology 
Co., LTD.) were transiently transfected to BMDMs with 
Lipofectamine 3000 plasmid transfection reagent (Cat: 
L3000015, Invitrogen, USA) and incubated for 24 h.

http://www.randomizer.org/
http://www.randomizer.org/
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Real‑time RT‑PCR analysis
Total RNA was extracted using Trizol reagent (Cat: 
15,596–026, InvitrogenTM, Carlsbad, CA) accord-
ing to the manufacturer’s protocol, and reversely tran-
scribed into first-strand cDNA using PrimeScript RT 
Master Mix (Cat: RR036A, Perfect Real Time; Takara, 
Tokyo, Japan) in a PCR thermal cycler. Quantitative RT- 
PCR was performed on an ABI Prism 7500-HT system 
(Applied Biosystems, Foster City, CA) using TB  Green-
Premix  ExTaq  (Cat: RR420A, TaKaRa) according to the 
MIQE guidelines [45]. β-actin was used as an internal 
control gene. Relative gene expressions were normalized 
to the expression levels of β-actin, and quantification was 
performed using the 2−ΔΔCt method. Six or eight samples 
were used for each analysis and repeated three times. The 
designed primers used in this study were purchased from 
Shanghai Shengong Biological Engineering company as 
follows: β-actin: forward, 5′-GCA​GAT​GTG​GAT​CAG​
CAA​GC-3′ and reverse, 5′-GCA​GCT​CAG​TAA​CAG​
TCC​GC’; GRP78: forward, 5′-TCA​TCG​GAC​GCA​CTT​
GGA​A-3′and reverse, 5′-CAA​CCA​CCT​TGA​ATG​GCA​
AGA-3′; ATF-4: forward, 5′-CGG​CTG​GTC​GTC​AAC​
CTA​TAA-3′ and reverse, 5′-GTG​GCG​TTA​GAG​ATC​
GTC​CT-3′; CHOP: forward, 5′-CAT​ACA​CCA​CCA​CAC​
CTG​AAAG-3′ and reverse, 5′-CCG​TTT​CCT​AGT​TCT​
TCC​TTGC-3′; IL-17A: forward, 5′-CAC​CGC​AAT​GAA​
GAC​CCT​GA-3′ and reverse, 5′-TTC​CCT​CCG​CAT​TGA​
CAC​AG-3′; TXNIP: forward, 5′-GAC​GAT​GTG​GAC​
GAC​TCT​CAA​GAC​-3′and reverse, 5′-GTT​GTT​GTT​
AAG​GAC​GCA​CGG​ATC​-3′; NLRP3: forward, 5′-GAG​
CTG​GAC​CTC​AGT​GAC​AATGC-3′ and reverse, 5′-ACC​
AAT​GCG​AGA​TCC​TGA​CAA​CAC​-3′; IL-1β: forward, 
5′-TGC​CAC​CTTTT GAC​AGT​GATG-3′ and reverse, 
5′-AAG​GTC​CAC​GGG​AAA​GAC​AC-3’.

Western blotting analysis
Retinas and cells were lysed in RIPA buffer (Cat: P0013B, 
Beyotime, Haimen, China) supplemented with protease 
inhibitor cocktail (Cat: 78,425, Thermo Fisher Scientific, 
Waltham, MA) and prepared according to the manu-
facturer’s instructions. Retinas were triturated by ultra-
sonication and clarified by centrifugation at 12,000g 
for 20  min at 4  °C, supernatant was collected and pro-
tein concentration was determined using the BCA Pro-
tein Assay Kit (Cat: 23,227, Thermo Fisher Scientific, 
Waltham, MA). Samples containing equal amounts of 
protein were loaded to SDS-PAGE gels and transferred 
to PVDF membranes (0.45  m, Millipore Co., Ltd.) after 
electrophoresis. The membranes were blocked with 5% 
non-fat dry milk which dissolved in 0.05% Tween 20/Tris-
buffered saline (TBST) for 2 h at room temperature,and 
sequentially incubated with primary antibodies at 4℃ 
overnight. The primary antibodies used were as follows: 

rabbit anti-GRP78 (1:1000), rabbit anti ATF-4 (1:500), 
rabbit anti-CHOP (1:1000), rabbit anti-IL-17A (1:1000), 
rabbit anti-TXNIP (1:1000), rabbit anti-NLRP3 (1:1000), 
rabbit anti-IL-1-β (1:1000) and rabbit anti-β-actin 
(1:5000). After washing with TBST, the membrane was 
incubated with HRP-conjugated secondary antibodies for 
2  h at room temperature. Immunoreactivity was visual-
ized by enhanced chemiluminescence (Cat: P0018FM, 
Beyotime, Haimen, China). The results were quantified 
using Image J software (U.S. National Institutes of Health, 
Bethesda, MD, USA) with β-actin as an internal control. 
Each western blotting replicated three times.

Immunofluorescence
Eyes of P17 mice were enucleated and fixed using 4% 
paraformaldehyde (PFA) for 24  h at 4 ℃. Following the 
removal of the cornea and lens, the eye cup was kept in 
30% sucrose overnight at 4 ℃. Subsequently, the eye cup 
was carefully embedded in optimum cutting temperature 
(OCT) compound (Cat: C0401, Sakura Global Holdings, 
Tokyo, Japan) and frozen at − 80 ℃ for cryosections. Sec-
tioning was performed using a cryostat (Leica 840; Leica, 
Tokyo, Japan). After blocking and permeabilizing, retinal 
cryosections were incubated with fluorescein-labeled 
Griffonia simplicifolia lectin I (GSL I) isolectin B4 (Cat: 
FL-1201, Vector Laboratories, Burlingame, CA, USA) or 
primary antibodies against F4/80 (rat, 1:50) and GRP78 
(rabbit, 1:100), ATF-4 (rabbit, 1:100), IL-17A (rabbit, 
1:100) overnight at 4℃, followed by 1  h incubation of 
fluorescence-conjugated secondary antibodies (1:1000) 
at room temperature. After washed with PBS, the sec-
tions were counterstained with DAPI for nuclear staining 
and mounted with fluorescence mounting medium (Cat: 
S3023, Dako, Carpinteria, CA). Retinal cryosections were 
examined and captured with a fluorescence microscope 
(Carl Zeiss Micro Imaging, LLC, Oberkochen, Germany).

Eyes of P17 mice were fixed with 4% PFA for 2 h and 
the retina was dissected from the posterior pole. Retina 
tissues were incubated with fluorescein labeled Griffonia 
Simplicifolia Lectin I (GSL I) isolectin B4 according to a 
previously described method [45]. Retinas were washed 
with PBS, cutting into 4–6 petals and mounted on micro-
scope slides in Dako Fluorescence Mounting Medium. 
The flat mounts were imaged with a Zeiss Axiocam HR 
fluorescent microscope (Germany). The avascular area 
and neovascular were outlined and highlighted on the 
images using Adobe Photoshop CS 5 software (Adobe, 
San Jose, CA, USA) [46]. 6–8 retinas from each group 
were examined and analyzed.

Data and statistical analyses
All data were presented as mean ± SEM. The statisti-
cal analysis was performed using IBM SPSS Statistics 
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22 (IBM, Armonk, NY, USA) and GraphPad Prism 6 
(Graphpad, San Diego, CA, USA). Values were tested 
to assess whether they followed a normal distribution 
by the same software. Comparison between two sets 
of experiments was analyzed by Student’s t-test while 
one-way ANOVA was used to determine differences 
among means in multiple sets of experiments followed 
by Bonferroni posthoctest. All experiments were inde-
pendently repeated at least three times. In both cases, 
statistically significant P-values (< 0.05 and < 0.01) indi-
cated by asterisks (* and **, respectively). ‘ns’ indicates 
no significance.
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